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4.2.2 Natural Wind Gusting

Some of the highest stress cycles recorded during the monitoring period were the
result of a wind storm which occurred on November 10, 2006 at approximately 7:10 AM.
The average wind speed at the time was only approximately 20 mph with gusts up to 33
mph. This is a very typical range of maximum daily windspeeds as shown in Figure 4.5.
The winds were from the north. The stress cycles resulting from this wind event caused a
second peak in the stress range histograms at many strain gaged locations as shown in
Figure 4.1 and Figure 4.2.

Figure 4.6 through Figure 4.9 present time history-data for all strain gages for this
wind event. Also shown in Figure 4.6 are the wind speed and direction. As can be seen,
there are large stress range cycles measured at most strain gages. It appears that the
tower is excited by an initial gust (see Figure 4.6) that caused the tower to begin vibrating
in its first mode. The first mode frequency for this pole is approximately 0.3 Hz (or a
period of vibration of 3.3 seconds). This means that the time it takes for the pole to start
at a positive peak stress, vibrate to peak negative stress, and return to peak positive stress
is 3.3 seconds.

This observed vibration is not vortex shedding since the critical velocity for
vortex shedding in the first mode is significantly less than the observed 20 mph present
during the event. The wind gusts appear to have been in phase with the first mode natural
frequency of the tower, causing the magnitude of vibration to increase.

Figure 4.10 contains a close-up stress time-history for the four strain gages on the
tower above the reinforcing jacket (6 feet above the base plate). It can be seen that the
time it takes the stress to vary from peak positive to peak negative and back to peak
positive stress is approximately 3 seconds. Furthermore, strain gages CH 9 and CH_11
are in phase. Strain gages CH 10 and CH 12 are also in phase with each other, but
collectively out-of-phase by 180 degrees with CH 9 and CH 11. Note that the
magnitudes are roughly equal. This indicates that the neutral axis of bending lies on a 45
degree line running between CH 9 and CH_11 on one side and CH 10 and CH 12 on
the other (i.e., running northeast-southwest).

A similar plot for the four gages on the tower at the base weld (beneath the
reinforcing jacket) is shown in Figure 4.11. It can be seen that the same direction of
bending is causing the measured stresses.

Large stress ranges were induced in the tower during a large wind gust event that
occurred on May 2, 2008. Figure 4.12 presents stress time-history plots for four strain
gages, namely CH_9 and 11 (located above the jacket on the north and west faces of the
tower, respectively), CH 14 (located on an anchor rod), and CH_17 (located on the west
face of the reinforcing jacket at its base on the bend line). Also shown in the plot are the
wind speed and direction. The wind reached a peak velocity of over 50 miles per hour
and was sustained for a few seconds. This induced large oscillations in the tower. A
peak stress range of just over 25 ksi was measured at CH_17.

As noted above, the highest wind speed of 57 mph measured during the
monitoring occurred on July 16, 2007. Figure 4.13 presents the time history plots for the
same gages as Figure 4.12 during this event. It can be seen that though the wind speed
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was higher, the stresses measured during this event were lower than those measured on
May 2, 2008 (see Figure 4.12).
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Figure 4.6 — High stress event — November 10, 2006 7:10 AM
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Figure 4.7 — High stress event — November 10, 2006 7:10 AM
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Figure 4.8 — High stress event — November 10, 2006 7:10 AM
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Figure 4.9 — High stress event — November 10, 2006 7:10 AM
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4.2.3 Vortex Shedding

As with earlier phases of field testing, data were collected during periods in which
the tower was excited by vortex shedding. Instances of excitation of the towers 2" and
3 modes of vibration were recorded.

Shown in Figure 4.14 is an example of vortex shedding in the third mode. At the
time, the wind was out of the north west with a steady wind speed between 5 and 8 mph.
This caused the tower to vibrate in its third mode at a frequency of approximately 3.4 Hz.
This vibration occurred in a plane perpendicular to the prevailing wind. This is evident in
the plot as the stress in strain gage CH_11 above the pole experiences oscillating stress
since it lies near to this plane of vibration, where as CH_9 does not since it is not within
the plane of vibration. These two strain gages are located 6 ft. above the base plate, and
are 90 degrees apart on the tower.

It can be seen that this event lasted over 10 minutes (600 seconds), and that the
stresses are relatively high at strain gage CH_17 at the bend point at the base of the jacket
retrofit. The peak stress range is approximately 6 ksi at CH 17. Over 10 minutes at 3.4
Hz, this results in 2,040 cycles.

A second example of vortex shedding measured during the monitoring period is
presented in Figure 4.15 which occurred on February 1, 2008 at 4:50 AM. In this case, a
steady wind out of the north east at a speed of 3 to 5 mph excited the tower in its second
mode of vibration, with a frequency of approximately 1.4 Hz. Again this vibration
occurred in a plane perpendicular to the prevailing wind. This can be observed in the
figure as the stress in strain gage CH 9 experiences oscillating stress due to vortex
shedding whereas strain gage CH_ 11 does not. Note that this is opposite of the vortex
shedding shown in Figure 4.14, since the wind direction is 90 degrees off.

This event only lasted approximately 5 minutes. At a frequency of 1.4 Hz, this
resulted in a significantly lower approximate number of cycles of 420. A fairly high
stress range was measured in strain gage CH_9 of approximately 5 ksi.

It can be seen that with this vortex shedding event, as the wind speed increased
above approximately 3.5 mph, the amplitude of the vibration decreased since the wind
speed was moving away from the critical lock-in wind speed.
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5. Conclusions
The following conclusions can be drawn from the results presented above:

1.

Static pull tests were performed on the high-mast tower in both the as-built
and jacket-reinforced condition. The stresses in the tower were reduced
by the presence of the jacket but not eliminated.

A total of 380 days of long-term data were collected. A large number of
high-amplitude stress cycles were measured in the tower and reinforcing
jacket. The highest observed stress ranges were found to be the result of
buffeting from natural wind gusts. Peak stresses on the order of 25.8 ksi
were measured at CH_17 (reinforcing jacket wall-to-base plate connection
on the bend line). High stress ranges were also measured on the anchor
rods (approximately 21.6 ksi at strain gage CH_14).

Vortex shedding in both the 2™ (frequency = 1.4 Hz) and 3™ modes
(Frequency = 3.4 Hz) was observed during the long-term monitoring. The
measured stress ranges during vortex shedding were lower than those
caused by natural wind gusting, at approximately 5 ksi maximum.
However, large numbers of cycles were accrued in a short time during
vortex shedding.

The fatigue-life estimates indicate that finite fatigue life is expected at the
following locations based on the results of the field monitoring and the
results of the laboratory testing program:

a. Existing tower-to-baseplate weld: CH_1 - estimated life= 162
years; CH_3IN - estimated life =72 years

b. Reinforcing jacket wall-to-base plate connection: CH_30UT (at
mid-face) — estimated life = 180 years; CH_17 (at bend) -
estimated life = 30 years

c. Anchor Rod: CH_14 - estimated life = 39 years

Infinite fatigue is predicted on the existing tower above the reinforcing
jacket, and near the top of the reinforcing jacket.

A two-lobed wind frequency distribution was measured at the tower, with
predominant winds from 140 and 310 degrees.
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Development of Stress-Range Histograms
Used to Calculate Fatigue Damage
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B.1  Stress-Range Histograms

The stress-range histogram data collected during the uncontrolled monitoring
permitted the development of a random variable-amplitude stress-range spectrum for the
selected strain gages. It has been shown that a variable-amplitude stress-range spectrum
can be represented by an equivalent constant-amplitude stress range equal to the cube
root of the mean cube (rmc) of all stress ranges (i.e., Miner’s rule) [3] (i.e., Ser =
[EaiST7).

During the long-term monitoring program, stress-range histograms were
developed using the rainflow cycle counting method [4]. Although several other methods
have been developed to convert a random-amplitude stress-range response into a stress-
range histogram, the rainflow cycle counting method is widely used and accepted for use
in most structures. During the long-term monitoring program, the rainflow analysis
algorithm was programmed to ignore any stress range less than 0.50 ksi (18ue). Hence,
the “raw” histograms do not include these very small cycles. Such small cycles do not
contribute to the overall fatigue damage of even the worst details and if included, can
actually unconservatively skew the results, as will be discussed below. It is also worth
mentioning, that in some testing environments, the validity of stress-range cycles less
than this are often questionable due to electromechanical noise.

The effective stress range presented for each channel in the body of the report was
calculated by ignoring all stress-range cycles obtained from the stress-range histograms
that were less than predetermined limits. (/¢ should be noted that the limit described here
should not be confused with the limit described above. The limit above (i.e., 0.50 ksi
(18ug)) refers to the threshold of the smallest amplitude cycle that was counted by the
algorithm and not related to the cycles that were counted, but later ignored, to ensure an
accurate fatigue life estimate, as will be discussed.) For all welded steel details, a cut-off
or threshold is appropriate and necessary, as will be discussed. The limits were typically
about Y4 the constant amplitude fatigue limit for the respective detail. For example, for
strain gages installed at details that are characterized as category C, with a CAFL of 10.0
ksi, the cutoff was set at 2.5 ksi. Hence, stress range cycles less than 2.5 ksi were ignored
in the preparation of the stress-range histograms used to calculate the effective stress
range and the number of cycles accumulated. The threshold was selected for two
reasons.

Previous research has demonstrated that stress ranges less than about 4 the CAFL
have little effect on the cumulative damage at the detail [5]. It has also been
demonstrated that as the number of random variable cycles of lower stress range levels
are considered, the predicted cumulative damage provided by the calculated effective
stress range becomes asymptotic to the applicable S-N curve. A similar approach of
truncating cycles of low stress range is accepted by researchers and specifications
throughout the world [6].
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Figure B.1 — Effect of truncating cycles at different stress range cut off levels
(Typical data from a stain gage at a fatigue sensitive detail)

Figure B.1, shows the effect on the calculated effective stress range for several
levels of truncation using typical field acquired long-term monitoring data collected from
strain gage installed on a bridge. The data presented in Figure B.1 are also listed in Table
B.1 showing the selected truncation level and its impact on the effective stress range.

As demonstrated by Figure B.1, as the truncation level decreases (from the lowest
level), the effective stress range and corresponding number of cycles approaches the
slope of the S-N curve for Category C, which is also plotted in Figure B.1 (i.e., a slope of
—3 on a log-log plot). As long as the cut off level selected is consistent with the slope of
the fatigue resistance curve, considering additional stress cycles at lower truncation levels
does not improve the damage assessment and can therefore be ignored. As can be seen,
using a truncation level as high as 10 ksi, the curve is nearly asymptotic to the slope of
the S-N curves. Hence, an accurate prediction of the total fatigue life results.

It should also be noted that the load spectrum assumed in the AASHTO LRFD
specifications for design was developed by only considering vehicles greater than about
20 kips [7]. Thus the AASHTO LRFD design also implicitly truncates and ignores stress
cycles generated by lighter vehicles and vibration [8]. The observed frequency of stress
cycles obtained from traffic counts is also consistent with the frequency of vehicles
measured.
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Cut Off Number Cycles Seff
(ksi) > Cut Off Value (ksi)
0.75 575,867 3.3
2.75 117,869 5.5
4.75 37,842 7.6
6.75 15,112 9.6
8.75 6,547 11.5
10.75 2,938 13.3
12.75 1,284 15.1
14.75 509 17.0
16.75 191 19.3
18.75 85 21.3
20.75 45 22.6
22.75 22 23.9
24.75 6 25.1
25.75 2 25.7

Table B.1 — Calculated effective stress ranges using different stress range cut off levels
Only every other data shown in Figure B.1 is shown for brevity

The maximum stress ranges listed in the tables developed in the body of this
report were determined from the rainflow count. According to rainflow cycle counting
procedures, the peak and valley that comprise the maximum stress range may not be the
result of a single loading event and may in fact occur hours apart. In other words, an
individual truck did not necessarily generate the maximum stress range shown in the
tables. This is particularly true of distortion induced stresses that are subjected to
reversals in stress due to eccentricity of the loading. In many cases, it was possible to
identify this maximum stress range with a specific vehicle passage, but in other cases, the
maximum rainflow stress range exceeded the maximum stress range from any individual
vehicle. During the remote long-term monitoring program, the stress-range histograms
were updated every ten minutes. Hence, the longest interval between nonconsecutive
peaks and valleys is ten minutes.
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B.2  Frequency of Exceedence of the CAFL

Based on experimental data, it has been found that when cycles in the variable
amplitude spectrum exceed the CAFL often enough, then all stress cycles experienced by
the structure can be considered to be damage-causing. This frequency of exceedence
limit ranges between 0.01% and 0.05%. This corresponds to an occurrence of 1 in
10,000 or 1 in 2,000.

Research indicates that if this frequency limit is not exceeded, then it is
reasonable to conclude that fatigue cracking would not be expected and infinite life can
be assumed. However, if the limit is exceeded, the potential for fatigue cracking of the
member exists and the fatigue life can be estimated by extending the given S-N curve.
Obviously, this extension will only be required if the effective stress range (Sgesr) is less
than the CAFL of the detail.

It should be noted that the limits are somewhat different for different details and
the experimental data are limited. It is perhaps overly conservative to set the limit at
0.01% one for all details when conducting a fatigue evaluation. (This is not an issue in
the design of new structures.) However, some owners may feel that 0.05% is too liberal
and that a more conservative approach is best. Therefore, for the purposes of this study, a
limit of 0.01% has been used.
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